This review article is dedicated to the Dynamic Behavior of Materials Technical Division for celebrating the 75th anniversary of the Society for Experimental Mechanics (SEM). Understanding dynamic behavior of geomaterials is critical for analyzing and solving engineering problems of various applications related to underground explosions, seismic, airblast, and penetration events. Determining the dynamic tensile response of geomaterials has been a great challenge in experiments due to the nature of relatively low tensile strength and high brittleness. Various experimental approaches have been made in the past century, especially in the most recent half century, to understand the dynamic behavior of geomaterials in tension. In this review paper, we summarized the dynamic tensile experimental techniques for geomaterials that have been developed. The major dynamic tensile experimental techniques include dynamic direct tension, dynamic split tension, and spall tension. All three of the experimental techniques are based on Hopkinson or split Hopkinson (also known as Kolsky) bar techniques and principles. Uniqueness and limitations for each experimental technique are also discussed.
Introduction
The term "geomaterial" refers to natural geological materials such as soils (clays and silts), sands, and rocks or engineered materials such as mortars and concretes that are comprised of geological materials. Understanding the mechanical properties of geomaterials, particularly under high-speed impact or high strain-rate loading, has been of great interest and challenge for solving various dynamic engineering problems in underground explosions, seismic, airblast or penetration events. The mechanical response of geomaterials can be highly sensitive to environmental (e.g., temperature, pressure, moisture, etc.) and loading (e.g., strain rate, stress state, etc.) conditions. For example, a moderate strain-rate effect has been observed in concretes when the strain rate is below 1 s −1 . However, the failure strengths of the concretes drastically increase with increasing strain rates when the strain rate is above 10 s −1 [1] . The International Society for Rock Mechanics (ISRM) and the American Society for Testing and Materials (ASTM) have respectively developed their suggested methods or standards for quasi-static mechanical testing of rocks, cements, and concretes [2] [3] [4] [5] [6] [7] . However, the quasi-static mechanical property data is obviously insufficient for numerical codes to predict the dynamic/impact/ blast response of geomaterials or the structures made from these materials. Therefore, great effort has been made in the past decades to obtain the dynamic mechanical properties of geomaterials. For example, soils and sands are classified as granular materials that are usually not capable of handling any tensile load. Efforts have therefore been made for only dynamic compression tests on soils and sands [8] [9] [10] [11] [12] [13] [14] [15] . However, other geomaterials such as rocks, mortars, and concretes may be subjected to other loading modes rather than compression, even though most experimental data for these materials were obtained from dynamic compression tests. The asymmetric mechanical response, i.e., substantially different stress-strain response in compression as compared to that of tension, has been recognized as a unique characteristic for geomaterials. In many cases, the tensile strength of geomaterials is much lower than the compressive strength, making it much easier for geomaterials (and the structures made from geomaterials) to fail in tension rather than in compression. For example, reinforced concrete walls have been found to fail in tension when they were subjected to internal explosions [16] . The response of these concrete structures significantly depended on the tensile strength of the concrete itself. In order to precisely assess the dynamic response of the concrete structures against blast, impact, or any kind of dynamic loading, it is essential to obtain reliable dynamic tensile properties of the concretes within a reasonable range of high strain rates.
To further complicate the asymmetric mechanical response of geomaterials, the tensile strength has been found to be more sensitive to strain rate than the compressive strength. For example, the dynamic increase factor (DIF), which is defined as the ratio of dynamic to static strength to describe the strain rate effect on the ultimate failure strength, for concretes can be more than 6 in tension in contrast to 2 in compression within similar strain rate ranges [16, 17] . Therefore, due to these significant differences between the compressive and tensile responses, high-rate compression data alone are not sufficient model inputs for predicting the events where the failure of geomaterials are dominated by tension. ISRM and ASTM have developed standards for quasi-static compression and tension tests of geomaterials. However, there is no testing standard yet for dynamic experiments on geomaterials. Based on one-dimensional stress wave theory, Kolsky bars, also known as split Hopkinson bars, have been extensively utilized to characterize the dynamic stress-strain response of materials including metallic, polymeric, and brittle materials [18] .
In recent years, the development of pulse shaping techniques has been implemented to the Kolsky bars to significantly improve the reliability and accuracy of the resultant stress-strain data of materials [19, 20] . Specifically, the pulse shaping techniques prevent brittle materials (e.g., ceramics, rocks, glasses, etc.) from premature failure during dynamic loading. Both stress equilibrium and constant strain rate are very critical in dynamic characterization of stress-strain and failure responses regardless of loading modes (compression, tension, or shear). Through proper pulse shaping design, the stress in the specimen is equilibrated before the specimen is dynamically failed. Pulse shaping also ensures that the brittle specimen is being deformed at a nearly constant strain rate prior to failure. However, due to the relative simplicity of facilitating stress equilibrium and constant strain rate in dynamic compression tests, most brittle materials (including geomaterials) have been characterized under dynamic compression only. Lu and Li [1] also reviewed dynamic tensile techniques for concrete-like materials and developed a micro-mechanism model to interpret the strain-rate effect on the uniaxial tensile strength of concrete-like materials. Zhang and Zhao [21] have extensively reviewed the dynamic compressive, tensile, shear, and fracture properties of rock materials under different loading and environmental (e.g., temperature and water saturation) conditions. The effects of size, shape, and microstructures of rock samples on their dynamic response were also presented. They discussed the mechanism of strain-rate effect and rate-dependent material models. Even though some dynamic experimental techniques were covered, their review paper was focused more on the material properties under dynamic loading conditions.
Compared to dynamic compression, dynamic tensile experiments are more complicated and difficult due to the brittle nature of geomaterials. Current dynamic tensile experiments are mostly based on Kolsky bar principles but with different specimen and testing designs. Directly using Kolsky tension bars to characterize geomaterials, which is usually called "direct tension", is the most straightforward method, but this method is challenged with difficulties in experimental practice. A Brazilian disc sample used for quasi-static "split tension" has also been applied to Kolsky compression bars for characterizing the dynamic tensile strength of geomaterials. The third method for dynamic tensile tests of geomaterials is "spall tension". When the Kolsky compression bar is used for spall tension tests, the transmission bar is replaced with a long cylindrical geomaterial sample to generate a spall tensile failure. A one-dimensional stress-wave analysis is required to calculate the spall tensile strength. Direct tension, split tension, and spall tension are three primary dynamic experimental techniques to measure the dynamic tensile strength of geomaterials. The specimen stress states and corresponding spatial and temporal histories of deformation among these three different types of dynamic tensile experiments are quite different, which results in inconsistent dynamic tensile strength measurements across the three different methods. The inconsistent dynamic tensile data results in uncertainty of the intrinsic strain-rate effect and related physics of geomaterials. In this paper, we review the current state-of-the-art dynamic tensile techniques for geomaterials. The advantages and disadvantages of each method are analyzed while general specimen and experimental design approaches are also presented. The main focus of this review paper is dynamic experimental techniques, rather than mechanical properties of geomaterials.
Dynamic Tensile Experiments
Dynamic tensile characterization of geomaterials was initially reported in the early 1970s [22, 23] . Since then, different approaches have been explored to characterize dynamic tensile responses of geomaterials in tension. In this section, we present the three primary dynamic tensile experimental techniques for geomaterials, i.e., (1) direct tension, (2) split tension, and (3) spall tension. Each technique is covered in detail with respect to experimental setup, specimen design, and experimental uncertainties. In addition to these three primary techniques, other dynamic tensile experimental approaches are also briefly presented.
Dynamic Direct Tension Technique
It has been a common practice to extend the quasi-static testing standards for geomaterials developed by ISRM [2] [3] [4] and ASTM [5, 6, 24] to dynamic tensile tests. The general idea is to operate the servo-hydraulic machine actuator at higher speeds to facilitate a faster tension rate on the specimen. The strain rates in the servo-hydraulic method can be achieved up to 10 s −1 , which is insufficient for dynamic characterization. In addition to this limitation, this method was not designed to properly handle wave propagation in typical dynamic tests, which always results in oscillating force signals due to the wave reflection back and forth in the loading apparatus.
General Description of Kolsky Tension Bar Technique
Chen and Song [18] presented a variety of dynamic tensile loading methods for Kolsky tension bar tests that follow the same principles as the conventional Kolsky compression bar experiments illustrated in Fig. 1 . A dynamic tensile stress wave is generated and propagates as an "incident wave" into the incident bar. When the stress wave propagates to the specimen, part of it is reflected back as a "reflected wave" and the rest transmits through the specimen into the transmission bar as a "transmitted wave". The incident and reflected waves are recorded with the strain gages on the incident bar while the transmitted wave is recorded with the strain gages on the transmission bar. According to one-dimensional stress-wave theory, the strain rate and strain in the specimen are calculated with the following equations [25] :
where the subscripts I , R , and T represent the incident, reflected, and transmitted waves, respectively; L s is the initial length of the specimen; and C 0 is the speed of onedimensional longitudinal stress wave in the bar material. The stresses at both ends of the specimen are calculated with the following elastic relations:
where A 0 and A s are the cross-sectional areas of the bars and the specimen, respectively; and E 0 is the Young's modulus of the bar material.
In a Kolsky bar experiment, the stress in the specimen needs to achieve an equilibrium state to facilitate uniform specimen deformation such that the specimen's response averaged over its volume can represent the intrinsic material response. The stress equilibration means 1 = 2 and can also be expressed as Equations (1) and (2) can thus be simplified for strain-rate and strain calculations as a function to time, t A stress-strain response is thus determined by eliminating the time term in Eqs. (7) and (8) .
The Kolsky tension bar methods described above have been mostly used to dynamically characterize metals, polymers, and even biological tissues. However, it is challenging to apply these dynamic tension techniques to geomaterials. Due to the very brittle nature of geomaterials, the extremely small tensile failure strain, usually less than 0.5%, challenges both experimental and specimen designs and execution. In Kolsky bar experiments, it takes time for the stress wave to propagate back and forth to eventually achieve stress equilibrium in the specimen. Because of this, the small failure strains in geomaterials present significant difficulties for achieving stress equilibrium prior to specimen failure. In order to determine a material strain rate effect from a Kolsky bar experiment, the strain rate should be maintained as constant as possible over the duration of loading. However, the strain rate in a geomaterial specimen may not satisfy this requirement without appropriate experimental design. Unlike the specimen freely sandwiched between the incident and transmission bars in Kolsky compression bar experiments, the tensile specimen must be firmly attached to the bar ends before dynamic tensile load is applied. However, the brittle nature of the geomaterials does not allow the specimens to be machined in threads, which also requires special design to secure the specimen/bar connection.
Kolsky-Tension-Bar-Based Dynamic Direct Tension Technique for Geomaterials
Dynamic direct tension tests were among the earliest proposed to be performed on geomaterials with conventional Kolsky direct tension bars [22, 23] . Since then, more dynamic direct tension tests have been conducted where the issues mentioned above have been addressed at some levels. Goldsmith et al. [23] pneumatically launched a steel sphere with a gas gun at a speed of approximately 61 m s −1 on an aluminum plate orthogonally attached to an aluminum incident bar with a bolt, as shown in Fig. 2 . This impact generated a direct tensile wave followed by a bending wave in the incident bar. Since the bending wave propagates at a much lower speed than the tensile wave, they found that the bending wave did not influence the tensile fracture of the granite sample. In their tests, the aluminum bars were 25.4-mm in diameter but only 609.6-mm long. The granite samples, with geometry and dimensions shown in Fig. 3 , were glued to the aluminum bar ends with epoxy.
Many geomaterials are inhomogeneous with relatively large aggregates. Therefore, relatively large-size samples are needed to minimize the effect of inhomogeneity. This requires larger-diameter Kolsky bars for dynamic direct tension tests of inhomogeneous geomaterials such as concretes.
In the early 1980s, a 74-mm-diameter, 11.65-m-high vertical Kolsky tension bar system was developed for dynamic direct-tension tests of concretes and mortars [26] [27] [28] [29] . In fact, this hybrid drop weight-Hopkinson concept was originally developed by Campbell and Duby [30] for dynamic compression testing of steel. In the design illustrated in Fig. 4 , a drop-weight was employed to impact an anvil attached to the bottom of the bar system, which generated a tensile wave propagating along the lower aluminum bar ("incident bar") upward to the concrete specimen, and then transmitted into [23] the upper aluminum bar ("transmission bar"). The profile of the tensile stress wave was determined by the height of the free-fall weight, the magnitude of the weight, and the contact between the weight and anvil. A layer of soft material was placed on the surface of the anvil to change the loading rate (or rise time) and the wave length (duration of loading), which is considered "pulse shaping" to alter the stress rates ranging from 2 to 60 MPa per millisecond. The cylindrical concrete specimens had the same diameter (74 mm) as the bars and a length of 100 mm, and were glued to the aluminum bars with a filled polyester resin. The specimen stress was measured with the strain gages on the transmission bar [Eq. (8) ], whereas the specimen strain was directly measured with a strain gage glued on the specimen surface. The resultant stress-strain curves showed that the impact tensile strength for both concretes and mortar was much higher than the static strength. In addition, the strain at maximum stress was larger than the static strain. The concrete (reported to have a maximum aggregate particle size of 16-mm) and microconcrete (a concrete described in the work as having a maximum sand particle size of 2 mm) exhibited higher impact tensile strengths than mortar (described as having a maximum sand particle size of 1 mm and lower cement content than both the concrete and microconcrete) due to direct crack arresting action of the tougher aggregate particles in concretes [27] . Both indicated significant strain rate effect. This facility has been claimed to be capable of dynamic single loading tensile testing of steel fiber-reinforced concrete [31] and repeated tensile (fatigue impact) property characterization of concretes as well as dynamic pull-out force measurement for bond tests [26] [27] [28] [29] . However, the drop weight method shown in Fig. 4 was unable to provide sufficient energy to pull out fibers when used to characterize steel fiber-reinforced concrete in tension. In addition, the maximum strain rate achieved by the drop weight method was only 1.5 s −1 . Because of these limitations, a prestressed cable was adopted to replace the drop weight to generate a dynamic tensile load, as shown in Fig. 5 [32] . A 1.5-m-long cable, which was attached to the incident bar end, was pulled by a hydraulic jack to prestress the incident bar held by two fixed cast iron bolts. A small separate hydraulic jack was used to fracture the bolts when the cable was pre-stressed to a desired level (up to 100 kN), thus generating a tensile wave in the incident bar. This method increased the maximum strain rate by one order of magnitude [32] .
Cadoni and his colleagues [33] [34] [35] [36] [37] [38] have used pre-stressed 20-mm-diameter Kolsky tension bar apparatuses to dynamically characterize concretes, Mediterranean natural stone, and orthogneiss rock in tension. In order to match the relatively low mechanical impedance of geomaterials, aluminum alloy was selected as the bar material. In Fig. 6 , a hydraulic actuator with a maximum loading capacity of 1 MN was applied to pull a maraging high-strength steel bar from one end. The other end of the steel bar was blocked by a brittle intermediate piece, e.g. a fragile bolt. When the hydraulic actuator pulls the bar in tension, the elastic energy is stored in the steel bar until it is released to the aluminum incident bar by the sudden rupture of the fragile bolt in the blocking device. The specimens had a cylindrical shape with the same diameter as the bars and a length-to-diameter ratio of 1. In some cases, notched cylindrical samples, schematically shown in Fig. 7 [38] , have also been used to generate a single fracture rather than multiple cracks, particularly for fiber reinforced concretes during dynamic tensile loading [35, 37, 38] . However, a notched sample presents challenges to specimen strain-measurement due to significant stress concentrations at the notch. In this case, the overall observed specimen strain may not represent the actual deformation, and will underestimate the contribution from the notched section. Therefore, the dynamic tensile response of the notched specimen was represented by nominal stress versus crack opening displacement (COD) curves, rather than conventional stress-strain curves [37, 38] . Epoxy resins, preferably with a maximum tensile strength > 30 MPa, were recommended for adhering cylindrical samples to the bar ends [35] . The highest strain rate achieved for geomaterials by using this pre-stressed Kolsky tension bar method has been reported to be 300 s −1 . The relatively small-diameter, i.e., 20-mm-diameter, Kolsky direct tension bars are sufficient for relatively homogeneous geomaterials such as mortars, rocks, stones, etc. However, when characterizing inhomogeneous geomaterials such as concretes with relatively large-size aggregates, larger diameter Kolsky direct tension bars are required. A modified pre-stressed aluminum Kolsky tension bar with a square cross-section of 60 × 60 mm has [23] been constructed and used to dynamically characterize concretes with a maximum aggregate size of 10 mm [39, 40] . The ratio of specimen size to aggregate size was varied between 6 and 12 in their study [39] . The bar ends were longitudinally cut into 25 (5 × 5) divisions to minimize the constraint to transverse deformation of the concrete specimen during dynamic loading. The same mechanism has also been applied to an even larger 200-mm-square Kolsky tension bar bundle system at the European Commission's Joint Research Centre in Ispra, Italy for concrete specimens with larger aggregates/fibers [38, [41] [42] [43] [44] [45] In a pre-stressed Kolsky tension bar experiment, the amplitude and duration of the tensile stress wave generated in the incident bar are determined by the amplitude of the pretension load and the length of the prestressed portion in the steel bar. Therefore, it has been challenging to apply the pulse shaping technique to the prestressed Kolsky tension bar systems. This non-pulse-shaped, pre-stressed Kolsky tension bar method results in a non-constant specimen strain rate over the entire duration of loading. Several approaches have been used to estimate the specimen strain rate in Kolsky direct tension experiments. The highest value over the entire strain-rate history profile has typically been used to [26] determine the nominal strain rate. Recently, through proper synchronization of specimen stress-and strain-rate histories, the specimen strain rate was determined by using the value of strain rate at the time of peak stress [33] . Since it is more challenging to measure the specimen strain than stress in a direct tension Kolsky bar experiment on geomaterials, the transmitted signal that is used to calculate the specimen stress history can also be used to estimate the specimen strain rate based on the assumption of linear elasticity with rate-independent modulus with the following:
where E s is the Young's modulus of the specimen material, usually measured with quasi-static compressive tests.
In summary, the current direct tension Kolsky bar experiments on geomaterials have not been able to address the dynamic stress equilibrium and constant strain rate deformation in the specimen. In the past decades, pulse shaping techniques have been developed to facilitate dynamic stress equilibrium and constant strain rate deformation [20] , even in a geomaterial specimen [19] . However, the pulse shaping techniques have been mostly applied to Kolsky compression bar experiments. It has been difficult to directly apply the pulse shaping techniques to Kolsky tension bar experiments. Song et al. [46] modified the Kolsky tension bar by using a solid striker to impact an end cap of the gun barrel, which enables direct application of the pulse shapers used in Kolsky compression bar experiments, as shown in Fig. 8 . A striker bar is launched with a gas gun to impact the end cap of a gun barrel that connects to the incident bar (more detail can be referred to [46] ). Once the tensile stress wave propagates into the incident bar, the conventional operational and analytical procedures are applied. Following the same concept as pulse-shaped Kolsky compression bar tests, this Kolsky tension bar design allows use of pulse shaper(s) on the inside surface of the end cap to generate desired incident pulse. However, this modified Kolsky tension bar has not yet been employed for characterizing geomaterials in tension.
As mentioned earlier, it may not be possible to machine threaded geomaterial specimens for direct tension Kolsky bar experiments. Therefore, gluing the geomaterial specimen to the bar ends has become a common practice in the past, even though the entire procedure (gluing the specimen and removal of epoxy after dynamic tests) may be time consuming. In addition, this also challenges the strength of the glue, particularly when the specimen has a high tensile strength. An advantage of gluing the specimen is that the specimen cross section can be in any shape, usually square or round, and as large as the bar ends, which may simplify the specimen fabrication process. Stress concentrations may become significant when using a straight cylindrical specimen, particularly with a different crosssectional area from the bars. The dog-bone shaped specimen minimizes stress concentration but increases the difficulty in fabrication. Inhomogeneity due to large-sized geomaterial aggregates, often used in concretes, requires relatively large specimen size for mechanical testing, which consequently necessitates larger-diameter Kolsky tension bars for dynamic tensile tests. For example, the specimen size was designed to be 6-12 times of aggregate size [39] . Therefore, a large-diameter Kolsky tension bar with pulse shaping capabilities is preferred for dynamic direct tensile experiments on geomaterials. However, with increasing bar diameter, the overall length of the Kolsky tension bar needs to be increased to accommodate a nearly one-dimensional wave propagation, which poses challenges to the space requirement as well as the absorption of tremendous impact energy needed to excite the tension bar system. In addition, the very small failure strains of geomaterials require meticulous alignment of the long Kolsky bar system. A slight misalignment between the specimen and the bars may generate a small amount of bending in the specimen and consequently results in premature failure.
Dynamic Split Tension Technique
Due to the difficulties in specimen fabrication, attachment, and testing design in direct-tension Kolsky bar tests, conventional quasi-static split tensile, also known as Brazilian, tests for characterizing the tensile strength of brittle materials has been recently extended to dynamic testing.
Quasi-static Split Tension Technique
In a standard quasi-static split tensile test [24] , a cylindrical concrete sample with a diameter D and a length L is placed between the platens of a universal testing machine with its longitudinal axis perpendicular to the loading direction (Fig. 9) . The cylindrical sample used in the split tensile (or Brazilian) tests is also called Brazilian disk (BD). When the compressive load P reaches a threshold, the cylindrical concrete sample fails in a splitting mode with the splitting tensile strength, T, being calculated as
In a split tensile test, the compressive load P generates a two-dimensional stress field in the concrete cylinder, which can be decomposed into vertical (z) compressive stress and horizontal (y) tensile stress. As illustrated in Fig. 10 [47] for an element near the center on the vertical diameter of the cylinder, the vertical compressive stress Quasi-static split tensile test of a cylindrical concrete sample [24] and horizontal tensile stress have been derived and are expressed [47, 48] as Eqs. (11) and (12), which
show that the vertical compressive stress is a function of the distance to the top surface, whereas, the horizontal tensile stress is a constant at a certain load, P. Figure 11 shows the horizontal stress distribution on a section through the vertical diameter of the cylinder [47, 49, 50] . As shown in Fig. 11 , Eq. (12) is applicable only to the region within the distance of D/3 from the center of (12) were derived on the basis of elasticity theory, and the elasticity solution is no longer valid at the contact points due to the singularity of the loading. The sample is subjected to biaxial compressive stress of equivalent levels at the contact points. In order to prevent such a high compressive stress at the loading points, two load-bearing strips were applied, as shown in Fig. 9 , to distribute the external compressive load and to allow the specimen to fail in tension along the loading line rather than in compression locally [24] . For example, at the center of the cylinder where z = D∕2 , Eq. (11) becomes which means that the compressive stress at the center is 3 times the tensile stress. If the tensile strength of the cylindrical sample is more than 3 times lower than its compressive strength, which is usually applicable to brittle materials, the sample will fail in tension rather than in compression. The tensile failure strength can be determined with Eq. (12) when the load P is measured at failure. Nevertheless, the presence of a biaxial stress state arguably complicates the interpretation of tensile failure strength in split tensile tests.
Kolsky-Compression-Bar-Based Dynamic Split Tension Technique for Geomaterials
The quasi-static split tensile test design has been implemented to Kolsky compression bars for characterizing dynamic tensile strength of brittle materials since the late 1980s [49] and early 1990s [47, [50] [51] [52] [53] [54] . Dynamic split tensile tests were also conducted with an explosive-driven high-speed loading apparatus [55] . However, very limited quantitative information was obtained from such an explosive test. Because of this, others have focused their efforts on dynamic split tensile tests with a Kolsky compression bar. In these tests, the geomaterial sample is made into a cylinder and sandwiched between the incident and transmission bars with its longitudinal axis perpendicular to the bar axis, as shown in Fig. 12 . The axial compressive loads applied to the sample at both ends can be calculated with Eqs. (3) and (4) . If the specimen is assumed in a state of stress equilibrium, the dynamic split tensile strength of the specimen can be determined with the peak load of the transmitted signal [54] ,
The stress rate at failure can be determined as Horizontal stress contribution on the vertical diameter of a cylindrical specimen [47] By assuming linear elasticity of the brittle material, the strain rate at failure is estimated as where E s is the elastic modulus of the brittle material under investigation. The elastic modulus of the brittle material can be obtained from standard quasi-static tests assuming negligible strain rate effect.
To minimize the stress concentration due to point contact between bar ends and the specimen, bearing strips have been recommended for quasi-static split tensile tests [24] and could be applicable to dynamic split tensile tests [56] . However, in many dynamic split tensile tests, the bearing strips have been removed with the support of numerical modeling/simulations [57] [58] [59] . Dynamic split tensile tests with direct contact between the bar ends and specimen have been applied to mortar [60] , concretes [61] [62] [63] [64] [65] , sandstone [66] , rocks [52, 58, 60, [67] [68] [69] [70] [71] [72] , coals [73] , and ceramics [74] . Recently, several other specimen/fixture configurations have been presented and compared in terms of premature failure mode in the specimen, as illustrated in Fig. 13 [75] . With direct contact shown in Fig. 13a , the specimen may be subjected to undesirable damage or failure at the contact locations due to stress concentration. Therefore, a pair of curved anvils (Fig. 13b) were proposed to be placed between the bar ends and the specimen to prevent the damage or failure caused by stress concentration. This concept was originally proposed on quasi-static testing of graphite and
marble by Awaji and Sato [76] and followed by Grantham et al. [77] on dynamic testing of explosive simulant. In this case, the curvature of the anvils needs to precisely match that of the specimen, which further challenges the fabrication process. Chen et al. [75] also presented results showing an alternative approach to curved anvils for dynamic split tensile tests. The alternative approach utilized flattened disc specimens as shown in Fig. 13c . The flattened disc approach has also been recommended for dynamic split tensile tests of rocks [75, 78, 79] . In a dynamic split tension test, the specimen usually has a relatively large diameter. This requires more time for the stress wave to propagate back and forth in the specimen to achieve stress equilibrium, particularly when a conventional square pulse is applied. Gomez et al. [61] investigated the process of stress equilibrium in a split tension specimen subjected to dynamic loading using a photoelasticity method. Equation (14) requires stress equilibrium in the specimen to be satisfied. Without equilibrium, different stresses at the front and back ends of the sample are present [Eqs. (3) and (4)]. This difference results in difficulty to determine the peak load in the sample at failure. Dai et al. [80] used a highspeed camera to monitor the fracture process of the Brazilian disc specimen during a dynamic split tension test. Upon the loading from a conventional square wave, the specimen first breaks on the side of the incident bar and then on the other side (the transmission bar side), which consequently results in splitting of the specimen. This is evidence of nonequilibrated stresses in the specimen during dynamic tests. Therefore, splitting of the specimen was caused by damage 13 Specimen configurations for dynamic split test [75] on the contact points between the bar and specimen. Equation (14) may not be applicable to calculate the split tensile strength in this case. However, when the specimen is subjected to equilibrated stress, the specimen breaks near the center rather than the ends, and then the crack propagates to the specimen's edges. This means the specimen was subjected to a dominant tensile stress in the center to split, making Eq. (14) applicable to determine the dynamic split tensile strength.
Stress equilibrium has been a common, but important, issue even in conventional compression material characterization with the Kolsky bar technique [18] . In the past decades, pulse shaping has been developed and implemented to the Kolsky bar technique to achieve stress equilibrium and constant strain rate deformation in the specimen. Chen and Song [18] have presented the pulse shaping technique in detail in their book. Typically, the central idea of pulse shaping is to generate an incident pulse with a relatively long rise time to gradually, instead of suddenly, build up the stress in the specimen. This gives the stress wave sufficient time to "ring up" inside the specimen to achieve a nearly equilibrated stress state. The profile of the incident pulse is also controlled with pulse shaping to generate very specific loading boundary conditions to the specimen such that the specimen is deformed at a nearly constant strain rate. In order to generate a desired profile of the incident pulse, a "tip" material, which can be made of soft rubber, paper, copper, etc., is placed at the impact end of the incident bar. Annealed copper is a material that is also commonly used for pulse shaping. The profile of the incident pulse depends on the pulse shaper material, dimensions, and striking speed. Another pulse shaping option is to use a striker with specially designed shape, i.e., a linear tapered striker [62, 64] .
The pulse shaping technique has been recently applied to dynamic split tension tests to achieve dynamic stress equilibrium such that Eq. (5) is applicable to calculate the dynamic split tensile strength [58, 60, 62, 64, 66, 67, 69, 70, 75, [78] [79] [80] . In order to achieve stress equilibrium in the sample, an incident pulse with a relatively slow ramp has been recommended. In addition, since a linear displacement control (or constant velocity) is usually used for quasi-static split tensile tests, it is recommended to apply a similar constantvelocity boundary condition to the specimen in dynamic split tensile tests. According to Eq. (1), the reflected pulse, r , is desired to be constant to achieve a nominal constant strain rate during dynamic testing. However, it is noted that stress rate is usually used to replace strain rate to determine the rate effect on dynamic split tensile strength because the strain rate is difficult to be defined in a dynamic split tensile test. Since geomaterials generally possess a linear elastic stress-strain response, a constant stress rate in the specimen requires a linear transmitted pulse [Eq. (15) ]. Therefore, in dynamic split tensile tests of geomaterials, a ramp incident pulse is recommended to ensure both stress equilibrium and constant stress rate. The pulse shaping technique for Kolsky compression bar experiments on brittle materials can be applied to dynamic split tensile tests with a Kolsky compression bar [18] . Again, the constant stress rate can be used to estimate the constant strain rate based on the linear elasticity assumption.
Dynamic stress equilibrium can be evaluated by comparing the stresses/forces at both ends of the specimen. For example, the sample can be considered in stress equilibrium when the stress difference at both ends of the specimen falls within 5% of the mean value [81] .
As mentioned earlier, photoelasticity has also been used to examine the stress equilibrium in the specimen during dynamic split loading [61] . Recently, high-speed digital image correlation (DIC) has become another method to directly measure the full-field deformation on the surface of the sample, which enables more quantitative assessment of uniform deformation, a representation of stress equilibrium. In addition, DIC can directly determine the failure strain and strain rate of the sample. However, DIC has been rarely applied to dynamic split tensile tests.
In a dynamic split tensile test, only the dynamic tensile strength and corresponding strain rate are determined. It is not possible to obtain a full tensile stress-strain curve in dynamic split tensile tests. The stress state in the specimen is a result of biaxial loading, and although tension may be the cause of ultimate specimen failure, it is not exactly uniaxial tensile stress. In addition, the strain rate determination is based on linear elasticity with a rate-independent elastic modulus. All of the above constitute uncertainties in determining strain-rate effect on the dynamic tensile strength of brittle materials with the dynamic split tensile tests. A mesoscale model developed by Lu and Song [82] revealed that there exists a strain rate limit (~ 50 s −1 ) above which the dynamic split tensile test becomes no longer valid.
Dynamic Split Tension Technique for Dynamic Flexural and Fracture Investigation
The dynamic split tensile technique has also been applied to investigate the dynamic flexural or fracture behavior of geomaterials. The same experimental setup has been used to apply an impact load on a semi-circular bending (SCB) specimen with three-point bending (TPB) for measuring flexural tensile strength (Fig. 14) . In this case, the flexural tensile stress at the failure point "O" can be calculated as [83, 84] : Dai et al. [84] determined Y = 5.14 for a SCB sample of Laurentian granite with R = 20 mm , B = 16 mm , S = 21.8 mm from finite element analysis with ANSYS. Dong et al. [74] applied the same technique to Macor (glass-ceramic) for determining dynamic flexural tensile strength. Both Dai et al. [84] and Dong et al. [74] compared the dynamic split tensile strength of a BD sample to the flexural tensile strength of an SCB sample for their respective materials. Figure 15 shows an example of comparison for Laurentian granite [84] . As shown in Fig. 15 , the flexural tensile strength is higher than the split tensile strength. A non-local analysis was utilized to interpret the inconsistent tensile strengths from the two different methods. The analytical result showed a relationship, specific to their specimen design, between the flexural tensile strength, f , and the split tensile strength, t , as After the measured flexural strength is corrected with Eq. (20) , the tensile strengths obtained from both tests are consistent, also shown in Fig. 15 .
Lambert and Ross [85] , Chen et al. [86] and Dai et al. [87] used notched or precracked BD and SCB samples for
characterizing dynamic fracture behavior of geomaterials. Li et al. [71] used a ring-shaped BD rock sample design for dynamic split tensile tests. The failure modes of the sample under dynamic load are illustrated in Fig. 16 , which consists of primary (parallel to the loading direction) and secondary (perpendicular or angular to the loading direction) fractures. For a circular ring BD sample, the tensile strength is calculated with [71, 88] :
where R and r are outer and inner radii, respectively, of the ring sample; L is thickness of the sample.
Fig. 14 Semi-circular bending (SCB) specimen [84] Fig. 15 Comparison of dynamic tensile strengths of Laurentian granite from a BD sample and a SCB sample [84] 
Spall Tension Technique
In the past decades, spall tests have been extensively conducted on Kolsky bars to determine the dynamic tensile strength of geomaterials. Compared to the direct tension and split tension techniques, the spall tension technique, which combines principles of wave propagation in a Kolsky compression bar test and the spalling phenomenon, utilizes a relatively simpler experimental setup, specimen design, and data analysis to determine the tensile strength of geomaterials. Spall fracture is a dynamic fracture phenomena. In general, spall fracture occurs when two strong decompression waves interact to produce a region of tension in the interior of a material body with amplitude exceeding the tensile strength of the material [89] . The earliest observations of spall fracture were probably made by Hopkinson [90] . Kolsky and Shi [91] investigated spall fracture on glass and glass-like solids (polystyrene and polymethylmethacrylate) subjected to a triangular stress pulse by a detonator. Spall tests on concretes were then conducted by Landon and Quinney [92] based on the same concept and subsequently investigated by Kolsky [93] and Rinehart and Pearson [94] . Khan and Irani [95] applied the same concept to characterize dynamic tensile failure strengths of sandstone, limestone, and granite. In order to generate a spall fracture, a compressive pulse is applied to the material. When the compressive pulse propagates to the free surface of the material, it is reflected as a tensile pulse (reflected unloading wave). It is emphasized that a compressive pulse always consists of a compressive loading front followed by an unloading tail (incident unloading wave). The interaction of the reflected unloading wave and the incident loading wave generates a region of tensile stress inside the material near the free surface. The material is then subjected to spall fracture when the tensile stress is greater than the tensile strength of the material. It is noted that spall fracture may occur only in the materials possessing higher compressive strengths than tensile strengths, which is a typical characteristic of geomaterials.
Klepaczko and Brara [96] applied the spall fracture principles to Kolsky compression bar tests to investigate dynamic tensile strength of concretes. A typical Kolsky compression bar for spall tests is schematically shown in Fig. 17 . Like a conventional Kolsky compression bar test, a projectile is launched to impact the incident bar to generate a compressive wave. The transmission bar in a conventional Kolsky compression bar test is replaced with a long cylindrical specimen in contact with the incident bar. When the compressive incident pulse propagates to the interface between the incident bar and the specimen, the compressive wave is partially reflected back into the incident bar while some of it is transmitted into the specimen also as a compressive wave. When the compressive wave in the specimen propagates to the free end, the entire pulse is reflected back as a tensile wave (reflected unloading wave) that interacts with the incident compressive wave, i.e., the principle of spall fracture, as shown in Fig. 18 . The spall fracture can be interpreted as the result of interaction of loading and unloading portions of a compressive pulse [97] [98] [99] . Therefore, the amplitude and shape of the compressive pulse determine whether and where spalling occurs, as well as how many spalling pieces (or scabs) are formed, etc. [100] . In a Kolsky [96] bar spall tension test, only the first spalling section is used to determine the dynamic tensile strength of the material. It is noted that a maximum tensile stress instantaneous fracture criterion is used in spall tests to determine the dynamic tensile (or fracture) strength of materials. According to the criterion of instantaneous fracture at maximum tensile stress, the theory of one-dimensional stress wave can be used to analyze spall occurrence in Kolsky compression bar tests with various profiles of compressive waves. Figure 19 shows a typical rectangular compressive wave generated in a conventional Kolsky compression bar test without pulse shaping and subsequently reflected at a free surface. When the stress wave is reflected at the free surface, it becomes a tensile wave. Figure 19a shows an incident rectangular pulse of length λ approaching a free surface. Figure 19b shows an instance in time when onefourth of the wave has reflected at the free surface, thus resulting in a state of zero stress over a distance of λ/4 from the free surface. As shown in Fig. 19c , this instance in time is a critical moment as half of the incident pulse (i.e., λ/2) is reflected at the free surface subjecting the specimen to a free stress state. Prior to this moment, the specimen had a region that was still subjected to compressive loading, but after this moment, the stress state turns 19 Compressive square wave propagation and reflection at free surface [100] from compression to tension, which may lead to specimen failure. Therefore, spalling occurs right after half of the incident wave is reflected at the free surface as long as the amplitude of the incident stress is greater than the dynamic tensile strength of the specimen material. The thickness (or length) of the spalling piece equals half of the wave length of the incident wave. When the spalling piece flies off, the "flying-off" velocity, v f , can be calculated with [100] :
where m is the stress amplitude of the input pulse in the sample, and c and C c are density and elastic wave speed in the material under investigation, respectively. It is noted that under this loading condition, the tensile stress is concentrated at the location with a distance of half of the wave length to the free end of the sample, locating the rest portion of the sample into a stress-free state. After the spalling piece flies off, a new free surface is generated. It should also be noted that spalling occurs at a single location when the sample is subjected to a rectangular pulse independent of the amplitude of the incident pulse.
In many cases, the incident and reflected pulses in the pressure bar are measurable with strain gages while leaving the transmitted pulse, m , in the sample as an unknown. One solution is to directly attach strain gages to the sample for measuring the pulse. Another solution is to measure the particle velocity at the free end of the sample. After the free-end velocity is measured during the spalling event, the stress amplitude, m , can be calculated [100] , It is noted that spalling only occurs when | | m | | > c , where c is the maximum dynamic tensile strength of the sample. The amplitude of m does not represent the maximum dynamic tensile strength of the sample. It does, however, indicate a value that exceeds the maximum dynamic tensile capacity of the material at the failure location. On the other hand, a threshold of m , below which spalling does not occur, may provide more useful sample/material insight. Though not a very efficient method of identifying the dynamic tensile capacity of a sample/material, it would indicate a tensile stress that is below the critical value rather than a value that exceeds the maximum tensile capacity by an unknown quantity.
In addition to a rectangular stress pulse, Wang [100] also presents another spalling case for a saw-toothed compressive stress pulse with a linearly ramping portion, as shown in Fig. 20 . In this case, a tensile stress zone is immediately formed starting at the free end and
propagating into the specimen. The amplitude of the tensile stress increases with wave propagation until half of the incident wave is reflected (the maximum tensile stress is reached). However, spalling may occur before the maximum tensile stress is reached as long as the tensile stress is built up to meet the instantaneous fracture criterion, | | > c . The thickness of the first spalling piece can be determined with the following equation.
The velocity of the spalling piece can be calculated based on conservation of momentum [98] . From the above two cases, the occurrence of spalling depends on the profile of incident stress pulse. Furthermore, the tensile strength in the spalling tests can be correlated to the velocity of the free end. In other words, if the flyoff velocity of the spalling piece is measured, the tensile strength of the material under investigation can be determined. Erzar and Forquin [101] presented a great summary of methods to determine the tensile strength of concrete in spall tests. Based on the original spall test principle, the stress level in the sample is determined by superposition of the incident pulse and its reflection. As long as when or where the spalling occurs is known, the spall strength may be determined from the stress distribution history in the sample, depending on the loading condition as described earlier. In their earlier work, Klepaczko and Brara [96] and Brara et al. [102] [103] [104] [105] developed a procedure to determine the superposition of the transmitted pulse from the Hopkinson pressure bar and its reflection at the free end of a concrete sample to estimate the spall strength of wet and dry concretes at the strain rates from ~ 10 to 120 s −1 . As indicated by Klepaczko and Brara [96] and Schuler et al. [106] , the wave dispersion, when propagating in the pressure bar, is critical to determine the transmitted pulse in the concrete
sample. Therefore, a wave dispersion correction method was also developed. The stress wave transmitted into the concrete sample was calculated with the incident wave and its reflection at the bar/concrete interface after dispersion correction. However, neither geometrical nor constitutive dispersion accounted for the stress wave transmitted into the long concrete sample, which may result in uncertainties in determining the dynamic spall strength. The wave dispersion in a concrete cylinder has been discussed by Goldsmith et al. [107] and also investigated by Wu et al. [108] for spall tests. This method was also used by Kubota et al. [109] to estimate the dynamic tensile strength of sandstone at strain rates from 10 to 40 s −1 . Wu et al. [108] directly attached three strain gages at different locations on a long concrete sample to determine the stress wave propagation characteristic in the concrete. The intent of this approach was to provide a more reliable prediction of the stress wave profile when propagating to the sample free end, yielding a more accurate dynamic tensile strength measurement of the concrete at high strain rates up to 100 s −1 . However, due to the inherent heterogeneous nature of concrete materials that are often composed of large-size aggregates and/or pores, local surface measurements from strain gages (especially over a small area) may not provide a comprehensive view of the stress wave profile presented in the bulk material. Weerheijm and Van Doormaal [110] and Weerheijm et al. [111] applied eight strain gages to the concrete sample, not only to provide an approximate "full-field" strain history in the concrete sample, but also to capture the spall fracture. Recently, a true full-field deformation measurement technique, i.e., digital image correlation (DIC), has been developed with ultra-high-speed imaging via virtual fields method [112, 113] . This full-field deformation measurement projects a great potential to reconstruct the stress histories in the concrete sample in a spall test. The DIC method has also been applied to determine the crack velocity in concrete samples during spall tests [114] . However, the temporal resolution in this technique significantly depends on the frame rate of the high speed camera. Cho et al. [115] used a laser vibrometer to directly measure the velocity history at the free end of a rock sample and then applied wave superposition principles to calculate the dynamic spall strength [109, 115] , i.e., where V t p is the measured velocity history, Δt is the time for the stress wave propagating from the free-end surface to the fracture surface, k 1 and k 2 are correction coefficients for the attenuation rate of the stress wave and its reflection at the Fig. 20 Compressive sawtoothed wave propagation and reflection at free surface [100] free end. Even though the constitutive attenuation was considered, neither experimental nor analytical details to determine the attenuation correction coefficients were presented in their paper. In addition, the form of Eq. (27) is similar to the "pull back" calculation that is presented later.
Klepaczko and Brara [96] used the following equation to determine the spall strength.
where V ejection is the velocity of separation of the spalling piece. However, due to wave propagation in the spalling piece, this separation velocity is not the same as the velocity that is usually measured at the free end of the spalling piece. Therefore, Eq. (28) may not provide correct measurement of actual spall strength.
Another method to calculate the spall strength was developed from spall tests on metals with plate-impact techniques, also called "pull-back" calculation. Antoun et al. [89] presented an interpretation of experimental pullback spall signals in a metallic sample when subjected to explosive loading.
When a loading profile similar to Fig. 21a is applied, which is similar to the pulse shown in Fig. 19 , the particle velocity history at the free surface of the sample shown in Fig. 21d is expected when spalling occurs. The unloading wave behind the shock front (Fig. 21a) causes decay in the free-surface velocity (Fig. 21d) until spalling occurs. When spalling occurs, the tensile stress that produced spall is rapidly decreasing to zero while generating a release wave to the free surface with a manifestation of particle velocity jump from u m to a higher velocity (Fig. 21c) . This stress wave will also be trapped and reverberated in the spall piece, leading to the damped oscillations in the free-surface particle velocity history, as shown in Fig. 21d . Therefore, the thickness of the spalling piece can be determined by the period of the oscillations, T s , and the elastic wave speed in the material, i.e., The free-surface particle velocity can be experimentally measured in many ways, but typically with a laser vibrometer. After the free-surface particle velocity history is measured, the tensile stress just before spalling, * , is then determined with the following linear approximation [116] :
where Δu fs = u 0 − u m is called "pullback velocity". It is noted that this "pullback" calculation is based on the assumption that the spalling piece still behaves with the same original elastic response, and that the (overall) maximum tensile stress in the specimen is aligned with the peak of the reflected tensile wave.
In a spall test, the stress wave speed in the sample is critical to determine the spall strength. Usually the stress wave speed in the sample can be determined by the following equation:
where L c is the sample length, and T c is the time for the stress wave propagating from the incident bar/sample interface to the free end of the sample, as shown in Fig. 22 . One approach to obtain the time when the stress wave arrives at the interface between the pressure bar and the sample is to run dispersion correction of the signal from the strain gages in the middle (or at some other location) of the incident bar to the bar/sample interface [106] . Another approach is to attach a strain gage or other transducer, i.e. laser, at the bar/ sample interface to directly measure the stress wave arrival time. The time when the stress wave arrives at the sample free end can also be directly measured with an accelerometer attached to the sample free end or by using a laser vibrometer [117] . 
profile at the sample free surface during a spall test. The difference between the first peak and the subsequent lower velocities (denoted in Fig. 22 as "Δµ pb ") represents the "pullback" velocity used in Eq. (30). Erzar and Forquin [101] compared all three methods with computational simulations and concluded that the "pullback" calculation yields the best determination of spall strength rather than the other two methods that may lead to significant erroneous results. The "pullback" calculation has thus been used as a "standard" practice for spall testing research of different geomaterials including concretes [101, 106, [118] [119] [120] , cement-based composites [121] and mortars [117] . It needs to be pointed out that, based on one-dimensional wave mechanics, the theory of "pullback" velocity is valid only under the circumstance that the maximum tensile stress in the specimen coincides with the peak of the reflected tensile wave. This requirement is generally well satisfied for saw-toothed (shock) type loading waves. For loading waves generated through Kolsky bar spall techniques, it is imperative to examine the wave reflection and superposition to make sure this requirement is followed before applying the "pullback" velocity for spall strength calculation.
Since the conventional spall test is based on a "stress concentration" mechanism, the highly localized ultimate stress that caused spall fracture results in severe non-uniform deformation across the sample length, making it difficult to define the strain rate when spall occurs. Erzar et al. [117] applied three strain gages on different locations of the sample to directly measure the sample strains and then calculate the strain rates when the sample fails under spall tension. Another practice is to assume the concrete is under linear elasticity and the strain rate can be estimated with the spall strength divided by Young's modulus, same as Eq. (16) in dynamic split tests. A most recent development of the Kolsky bar spall technique was introduced by Dean et al. [122] on achieving constant tensile strain rate and uniform tensile stress in the spall specimen. Their study presented a detailed theoretical analysis and preliminary experimental design to obtain the desired isosceles-triangular loading pulses. As Dean et al. [122] addressed, an important aspect of spall testing of geomaterials is that the sample is subjected to dynamic compressive loading first. Therefore, the input compressive pulse needs to be carefully designed to maintain sample structural integrity throughout the initial compressive loading.
In addition to determining the dynamic tensile strength of geomaterials, the spall technique with a Kolsky compression bar has also been used to characterize the dynamic fracture behavior of concrete [98, 102, 104, 106, 110, 114, 119, 120] . Fig. 22 Typical "pull-back" signal in a spall test [106] 
Summary
In this paper, three major experimental techniques, i.e., dynamic direct tension, split tension, and spall, that characterize dynamic tensile strength of brittle geomaterials are presented. All three experimental techniques are based on Hopkinson bar principles. In general, the dynamic direct tension method is the most straight-forward technique but challenges the designs of specimen geometry and experiments, as well as gripping methods for attaching to the bar ends. Dynamic split tensile tests extend the quasi-static Brazilian disk method to high strain rates but leave uncertainties in determination of stress state and strain rate in the sample. Dynamic spall tension uses the spall concept from plateimpact tests to characterize the dynamic tensile strength of the geomaterials that possess much lower tensile strengths than compressive strengths. The sample stress state in the dynamic spall tensile tests is nearly uniaxial stress. However, similar to dynamic split tensile test, the strain rate in the spall test is difficult to identify. Among these three techniques, only the dynamic direct tensile tests are capable of providing full tensile stress-strain curves of the sample material. Dynamic split tension and spall tension tests usually only provide a single data point in terms of tensile strength for each test.
The three major dynamic tensile techniques for brittle geomaterials have their own advantages and disadvantages. In general, the dynamic tensile techniques for brittle geomaterials are not mature yet and need improvements or modifications to better characterize the dynamic tensile response of brittle geomaterials.
